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Abstract
Fine-Scale Modeling of Failure in an Adhesive Layer
By Pulkit Mathur
Rigid ceramic filter media are used for removing particulate matter from gas streams at high
temperatures.  As the particulate matter (dust cake) collects on the surface of the filter, the
filtration pressure increases; to maintain an economical operation the dust cake must be
removed periodically by back-pulse cleaning.  Often the dust cake is not removed
completely by the back-pulse pressure and the resulting patchy cleaning affects operation.
The thesis presents the results from a fine scale modeling of the removal of a layer of filter
cake by a time dependent pressure pulse.  In this model the filter cake is grid in 16,000
imaginary blocks on a filter, of area 160 cm 2 .  The cleaning of the filter is simulated
through 10 consecutive cleaning cycles.  The model includes both adhesive forces between
the blocks of the filter cake and the filter, as well as cohesive forces between neighboring
blocks of filter cake.
The evolution of the cleaning from one cycle to the next is studied.  The results show that
for each cycle, cohesive forces lower the pressures required for cleaning because they
increase the stress near broken adhesive bonds.  They also cause thicker cakes to be
removed more efficiently.  An interesting observation is that there are regions where the
filter cake is lifted up but not removed during one cycle; many of these regions are removed
during the next cycle.  The model enables a detailed quantitative investigation of way this
effect depends on the filter cake thickness and the strength of the applied pressure pulse.
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1Chapter One
Introduction
1.1 Introduction
Material failure is an issue of major importance and has, therefore been widely studied for
well over a century.  Much of this work has naturally focused on the build up of stress at
defects, formation of cracks, energy changes during crack formation and dynamics of crack
propagation [5, 6, 8].  A number of quasimicroscopic and microscopic models have been
used to study these important questions [6-8].  The Fine-Scale filter cake model is similar
in spirit to many of these quasimicroscopic models.  It was developed with a view of
addressing some of the problems encountered in the removal of a filter cake layer from
cylindrical filters, during the backpulse cleaning cycle of filtration of hot gases in
Pressurized Fluidized Bed Combustion (PFBC) Systems [1-4].  
Some of the particle filter systems used in the PFBC’s were seen to have a failure rate
which exceeded acceptable levels required to maintain an economically viable operation.
Failure of these filter systems was found to correlate with material properties of the filter
cake removed [9].  Also since the filtration of gases was carried out at high temperatures,
cohesive effects in the dust layer assumed importance.  The fine-scale model’s strengths lie
in its ability to include both cohesive and adhesive forces, realistic strength distributions as
well as variations in back pulse pressure, in a numerically reliable simulation.  This would
enable the design of a more efficient cleaning process and would remedy some of the
difficulties encountered during the operation of the PFBC units.
Experimental studies of the cleaning of filters by backpulses of compressed gas,
determined the following qualitative aspects of the cleaning process,
21) The backpulse pressure applied from inside the candle filter, is essentially constant along
the length of the filter [10, 11].
2) Cleaning efficiency increases with increase in filter cake thickness [12, 13].
3) Cleaning efficiency also increases with increase in applied pressure above a certain
threshold pressure [11-13, 17, 18].
4) The filter cake is removed in larger (cm size) flakes, for larger thickness [11].
In addition to the above, the effects of dust properties [14] and temperature [15] on the
strength and adhesion of the filter cake were also studied experimentally.
The fine-scale numerical modeling of the cleaning process, observed all of the above
aspects.  An increase in cleaning efficiency was observed with an increase in the strength of
cohesive forces (i.e. increase in the filter cake thickness) [1, 2, 4].  The simulations studied
the size and shape of filter cake fragments, and observed that larger fragments occurred for
thicker more cohesive cakes [3].  In addition the modeled results of filter cleaning
efficiency are seen to match closely with experimental results from literature [16].
In this thesis the Fine-Scale Filter Cake model has been used to study of the cleaning of a
cylindrical filter surface (through 10 consecutive cleaning cycles) by a time dependent
pressure pulse.  The cleaning process is studied for three filter cakes, which differ from
each other  in the relative strengths of their cohesive and adhesive forces.  The timeline of
the thesis is as follows: Chapter Two describes the Fine-Scale filter cake model.  Chapter
Three studies the effect of cohesive forces and applied pressure on the cleaning efficiency
of the filter.  Lastly Chapters Four and Five analyze the trends in filter cake removal as the
cleaning proceeds from one cycle to the next.
3Chapter Two
Fine-Scale Filter Cake Model
2.1 Introduction
The fine-scale model simulates the removal of a filter cake layer from the surface of a
cylindrical filter, by a force applied perpendicular to the layer.  The model is motivated by
problems encountered in the removal of the filter cake layer from cylindrical filters during
the back-pulse cleaning cycle of filtration of hot gases from Pressurized Fluidized Bed
Combustion (PFBC) systems [1].  A discussion of the model is presented in this chapter.
The fine scale-model includes both the adhesive forces (which try to maintain contact
between the filter cake layer and the substrate) and the cohesive forces (which maintain
integrity of the deposited layer).  It separates these two effects thus enabling an independent
study of various features of material failure [1-3].
2.2 Physical System Description
The physical system comprises a cylindrical candle filter as shown in Figure 2.1a, on
which a layer of filter cake of some thickness t is deposited.  The filter is cleaned by
applying a back-pulse of compressed air from the inside of the candle filter, thus blowing
off the deposited layer.  The pressure actually responsible for removing the filter cake is the
pressure drop P across the layer [1-3].
2.3 Description of the Fine-Scale, Filter Cake model
In this model, the filter cake is gridded into rectangular blocks of thickness t and a lx l
base.  The gridding is fine scale intermediate between the centimeter scale of the filter cake
and the micron scale of the individual particles in the deposited layer [4].  The model
system is assumed to be flat lying in the x-y plane as shown in Figure 2.1b.
4i , ji - 2, j i +2, j
i,ji-2,j i+2,j
s
e
e
e
z y
x
s s
Figure 2.1: Fine-Scale Filter Cake model.
a) The cylindrical filter subdivided into blocks.
b) Planar model of Figure 2.1a, with periodic boundary conditions applied in the y
direction to mimic cylindrical symmetry.  
c) A small cross-section of Figure 2.1b, showing the applied stress and the resulting
displacements.
5To preserve continuity around the cylinder, periodic boundary conditions are applied in the
y direction.  The edges in the x direction are clamped by strong adhesive forces.  This
prevents these edges from providing artificial defects where failure can initiate.  A back-
pulse cleaning force F= Pl2  is applied at the base of each block in a direction perpendicular
to the layer as shown in Figure 2.1c.  As a result each block is displaced by a small amount
e  in the z direction.  At equilibrium, the applied force F is balanced by the adhesive force
between the block and the filter surface and the cohesive forces between adjacent blocks.
The model assumes the adhesive and cohesive forces to be spring like up to a given
threshold.
For a block (i, j) (where i and j are even integers which determine location along x and y
directions respectively), Equation (2.1) provides the basic relation between the force F
applied on the block (i, j), and the displacements of that block and the surrounding blocks.
With the applied force balanced by the adhesive and cohesive spring forces (with spring
constants ka  and k crespectively), we have,
F= ki j
a
i j, ,ε - { ki jc i j i j− − −1 2, , ,( )ε ε + ki jc i j i j+ + −1 2, , ,( )ε ε + ki jc i j i j, , ,( )− − −1 2ε ε + ki jc i j i j, , ,( )+ + −1 2ε ε }
...(2.1)
where each ka  is the spring constant of the adhesive spring between the block (i, j) and the
substrate, and each kc  is the spring constant of the cohesive spring between adjacent
blocks.  In the simulations undertaken, each spring constant was chosen randomly from a
flat distribution of values between 0 and 1, such that the adhesive springs have an average
stiffness of 1
2
 and the cohesive springs have an average stiffness of T
2
, i.e. < ka > = 1
2
 and
< kc > = T
2
, where T is the thickness parameter.  It gives the ratio of average cohesive force
6to average adhesive force.  Since the cohesive strength of a layer, in turn, depends on the
thickness t of that layer, therefore the thickness parameter T also depends on the thickness
of the filter cake layer.  Equation (2.1) is rearranged to give the displacement ε i j,  of any
one block (i, j),
ε i j,  = 
{ }
{ }
, , , , , , , ,
, , . , ,
k k k k F
k k k k k
i j
c
i j i j
c
i j i j
c
i j i j
c
i j
i j
c
i j
c
i j
c
i j
c
i j
a
− − + + − − + +
− + − +
+ + + +
+ + + +
1 2 1 2 1 2 1 2
1 1 1 1
ε ε ε ε
...(2.2)
For a given distribution of stiffness’ and the value of F, Equation (2.2) is solved for the
displacement of any one block.  This is done by initially guessing the values of the
displacements ε i j, , ε i j, −2 , ε i j, +2 , ε i j−2, and ε i j+2, , and then iterating Equation (2.2) until the
displacements stabilize between iterations.  If then an adhesive spring is stretched beyond
its strength Sa , i.e.
ki j
a
i j, ,ε  > Si j
a
,
...(2.3)
then the adhesive spring breaks.  Similarly if a cohesive spring is stretched beyond its
strength Sc , i.e.
ki j
c
i j i j, , ,+ +−1 2ε ε  > Si j
c
, +1 ...(2.4)
then the cohesive spring breaks.  As with the spring constants the adhesive strengths Si j
a
,
are chosen such that the average value of the strengths is 1
2
, i.e. < Sa> = 1
2
.  Similarly the
cohesive strengths Si j
c
, +1 are chosen such that their average value is 
T
2
, i.e. < Sc > = T
2
.
7Each strength is also strongly correlated with the stiffness, by choosing each strength
randomly from a gaussian distribution which is sharply peaked about the value for that
spring constant.  This ensures that a stiffer spring will have a correspondingly larger
strength.  The present simulations were undertaken for a time dependent applied force F(t),
as will be described in the next chapter.
2.4 Filter Cake Removal as a Quasi-Static Process
The time dependence of the filter cake removal (of the order of a few milliseconds) is
observed to be much slower than the elastic relaxation of the filter cake (which are of the
order of the inverse frequency of elastic waves (sound)).  Thus a quasistatic process is
justified since the layer has time to reach elastic equilibrium (Equation (2.1)) between
successive breaking of bonds [1-4].
2.5 Computation of the Quasi-Static model
The computations of the filter cake model proceed in the following steps [1-4],
1) The layer is initially at equilibrium, under no load when the removal force F is applied.
2) Under the influence of the applied force F, the layer reaches a new elastic equilibrium,
Equation (2.1).  The set of equations for the displacements (Equations 2.2) are iterated,
until stabilization is reached.
3) Then each bond weaker than the actual stress is broken, Equations (2.3) and (2.4).
4) Steps (2) and (3) together constitute one time step and are repeated until at a final time
step, when no further bonds break.
2.6 Cascade Effect of Cohesive bonds
The breaking of some bonds at the end of a time step, puts nearby bonds under greater
stress, increasing the likelihood that they will break at the end of the next time step.  This
cascade effect causes more bonds to break, than would have broken without the interaction
8mediated by the cohesive bonds.  Thus the cooperative effects resulting from cohesive
bonds produce a cascade that both lowers and sharpens the threshold, i.e. strengthening the
cohesive bonds both decreases the removal force at which cleaning occurs and decreases
the range of forces required to progress from infinitesimal to complete layer removal [4].
In reality, the cohesive forces may thus prove to be even more significant that the adhesive
forces.  The thickness parameter T is a ratio of these two forces, so varying T varies the
relative effect and importance of the adhesive and cohesive forces.  
In the following chapter we investigate the effect of cohesive forces and applied pressure
on the cleaning efficiency of the filter cake, for each of the 10 cleaning cycles.
9Chapter Three
Efficiency of Filter Cake Removal
3.1 Introduction
The fine-scale model is applied to investigate the removal of a filter cake, which is grid into
imaginary blocks, with 100 blocks in the y direction and 160 blocks in the x direction..
For this system the simulations were conducted for three different thickness parameters T
and a range of applied pressures.  The thickness parameters studied are,
1) T=0.5: where the cohesive forces are half as strong as adhesive forces.
2) T=1.0: where the cohesive forces are as strong as the adhesive forces.
3) T=1.5: where the cohesive forces are one and a half times as strong as the adhesive
forces.
The removal of the filter cake layer was studied through 10 consecutive cleaning cycles
where each cycle involved the following steps of layer removal,
1) Initially the layer is at equilibrium.  Then a back-pulse pressure P(t) is applied to remove
the layer.
2) Under the applied pressure the layer reaches a new elastic equilibrium.
3) All bonds weaker than their respective bond strengths are broken.
4) The layer attains a new elastic equilibrium.
The steps (2) and (3) together constitute one time step.  Step (3) and (4) are repeated until
no further bonds break.  At this point no further removal of filter cake occurs and the
cleaning cycle terminates.  Before starting the next cycle, the layer is regenerated to the
same height in those places where blocks have been removed in the previous cycle.  The
back pulse pressure P(t) is applied again and the steps (1) through (4) repeated, till no
further bonds break.
10
The following sections study the efficiency of layer removal (i.e. the fraction of layer
removed) for each of the 10 cleaning cycles, as a function of time and pressure and
investigate the effect of cohesion on the cleaning efficiency.
3.2 Layer removal as a function of Time
The mass of the deposited layer is defined as the total number of blocks present in the
layer.  For the model under investigation, the mass of the deposited layer is 16,000 blocks.
The fraction of mass removed is defined as the ratio of the number of blocks removed to
the total number of blocks present in the system.  When an external pressure is applied to
removed the layer, then some blocks are removed completely, some blocks adhere to the
surface with unbroken adhesive bonds, while some are lifted.  In the latter case the
adhesive bond breaks, but some cohesive bonds still connect the block to neighboring
blocks which remain attached to the substrate.
Figures 3.1(a-c), 3.2(a-c) and 3.3(a-c) show the plots of fraction of mass removed as a
function of time step t for an applied pressure P(t).  Each plot in Figures 3.1, 3.2 and 3.3.
shows 5 different realizations, where each realization has the same statistical probability
determining spring constants ( ka , kc ) and strengths ( Sa , Sc ), but differs in the random
number seed.  For each realization two sets of computer runs were necessary to determine
the data.  The first set of runs determined the midpoint pressure P1
2
, by scanning a range of
pressures that would eventually remove half of the deposited layer for that realization at
constant pressure.  
This midpoint pressure averaged over 5 realizations for each of the three thickness factors
is summarized in Table 3.1 on the next page.  The data in Table 3.1 suggests that the
pressure required to remove half of the deposited layer decreases as the thickness parameter
11
increases.  This shows that for larger T (i.e. larger cohesive force), cooperative effects
cause nearby bonds to compensate for broken bonds and hence it becomes easier to remove
the deposited layer.
Thickness Parameter T Midpoint Pressure P1
2
0.5 0.285172
1.0 0.269076
1.5 0.257552
Table 3.1: Thickness parameters and their corresponding midpoint pressures.
On determining the midpoint pressures for each realization for a given thickness parameter
T, the second set of runs is performed to determine the mass of layer removed as a function
of time step t for each realization.  The time dependent pressure P(t) applied to remove the
layer is given as,
P(t) = ( P1
2
+dP )( 1-f ) ...(3.1)
where dP is a small increment or decrement to the midpoint pressure, f is the fraction of
mass that has been removed by time step t, and Pmax = P1
2
 + dP is the value of the pressure
pulse at the start of each cycle (t=0, f=0).
The resulting plots of fraction of mass removed as a function of time step for a given
applied pressure pulse P(t), are as shown in Figures 3.1 (a-c), 3.2(a-c) and 3.3 (a-c) in the
pages that follow.
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Figure 3.1a: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=0.5 and pressure P(t) = ( P1
2
 + 0.04) (1-f) for all 10 cleaning cycles. (Here dP=0.04).
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Figure 3.1b: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=0.5 and pressure P(t) = ( P1
2
 + 0.01) (1-f) for all 10 cleaning cycles.  (Here dP=0.01).
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Figure 3.1c: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=0.5 and pressure P(t) = ( P1
2
 - 0.02) (1-f) for all 10 cleaning cycles.  (Here dP= -0.02).
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Figure 3.2a: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=1.0 and pressure P(t) = ( P1
2
 + 0.04) (1-f) for all 10 cleaning cycles.  (Here dP=0.04).
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Figure 3.2b: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=1.0 and pressure P(t) = ( P1
2
 + 0.02) (1-f) for all 10 cleaning cycles.  (Here dP=0.02).
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Figure 3.2c: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=1.0 and pressure P(t) = ( P1
2
 - 0.01) (1-f) for all 10 cleaning cycles.  (Here dP=-0.01).
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Figure 3.3a: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=1.5 and pressure P(t) = ( P1
2
 + 0.04) (1-f) for all 10 cleaning cycles.  (Here dP=0.04).
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Figure 3.3b: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=1.5 and pressure P(t) = ( P1
2
 + 0.02) (1-f) for all 10 cleaning cycles.  (Here dP=0.02).
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Figure 3.3c: Plot of Fraction of mass removed Vs. Time step, for thickness parameter
T=1.5 and pressure P(t) = ( P1
2
 + 0.0) (1-f) for all 10 cleaning cycles.  (Here dP=0.0).
3.3 Discussion of Plots
The time axis of the above plots of Figures 3.1, 3.2 and 3.3 comprise 10 cycles, where the
cycles are as described in Section 1.1.  At the start of each cleaning cycle (t=0, f=0), the
applied pressure P(t) given by Equation (3.1), has a maximum value of Pmax = P1
2
 + dP.  As
time progresses, more and more mass is removed and the pressure pulse decreases in
magnitude as can be seen by Equation (3.1).  During early time steps of each cycle no filter
cake may be removed even as the weakest adhesive bonds are being broken.  This is
because a block may still be held by cohesive forces even though its adhesive bond has
broken.  For each cleaning cycle this short per-cleaning period during which no mass is
removed has been observed in the simulations [1,4].  The applied pressure now causes the
weakest cohesive bonds (which are already under greater stress due to broken adhesive
bonds) to break, and mass begins to be removed at a fairly uniform pace until a limiting
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value, which depends on the maximum applied pressure Pmax .  Before starting the next
cycle the layer is regenerated (to the same height) in those areas where blocks have been
removed in the previous cycle.  The resulting layer now has places where blocks have been
lifted but not removed.  This damage makes these areas weaker and thus they are more
likely to be removed in the next cycle.
The plots of Figures 3.1-3.3 show that less mass is removed in the first cycle, than in later
cycles.  This occurs because at the start of the second cycle the blocks which are lifted but
not removed, are more weakly bound, (since they have broken adhesive bonds, and some
unbroken cohesive bonds), and are hence more likely to be removed in the second cycle.
Thus in the second cycle additional mass is removed.  As the number of cycles increases
the fraction of mass removed is seen to stabilize, because not all of the blocks that are lifted
in a given cycle n are removed in the next cycle n+1.  The limiting value of fraction of mass
removed, is averaged over the last 5 cycles, over all 5 realizations and the results are listed
in tables 3.2(a-c).
Differential Pressure dP Limiting value of Fraction of Mass removed
(Average over last 5 cycles)
0.04 0.6896
0.03 0.6462
0.02 0.5932
0.01 0.5398
-0.01 0.4084
-0.02 0.3382
-0.03 0.2652
-0.04 0.1968
Table 3.2a: Differential pressures and the corresponding limiting values of fraction of
mass removed, for thickness parameter T=0.5.
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Differential Pressure dP Limiting value of Fraction of Mass removed
(Average over last 5 cycles)
0.04 0.6833
0.03 0.6347
0.02 0.5844
0.01 0.5213
-0.01 0.3224
-0.015 0.2486
-0.02 0.1912
-0.025 0.1382
Table 3.2b: Differential pressures and the corresponding limiting values of fraction of
mass removed, for thickness parameter T=1.0.
Differential Pressure dP Limiting Value of Fraction of Mass removed
(Average over last 5 cycles)
0.04 0.6287
0.03 0.5982
0.02 0.5423
0.0 0.3197
-0.005 0.2328
-0.01 0.1480
Table 3.2c: Differential pressures and the corresponding limiting values of fraction of
mass removed, for thickness parameter T=1.5.
3.4 Layer Removal as a function of Pressure
The data in Tables 3.2 (a-c) is used to plot Figure 3.4 as shown on the next page.  The
figure plots the limiting value of fraction of mass removed (averaged over last 5 cycles)
against the maximum applied pressure Pmax , for the 3 thickness parameters under
19
consideration.  The plot shows that for a particular thickness parameter the fraction of mass
removed increases with the maximum applied pressure that is applied.  Thus for greater
applied pressures more layer mass is removed as expected.
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Figure 3.4: Plot of Fraction of mass removed Vs. Maximum applied Pressure Pmax = P1
2
 +
dP, for the 3 thickness parameters under consideration.
A comparison of the trends among the three thickness parameter plots shows that for higher
values of the applied pressure (greater than 0.254) the fraction of mass removed (at a given
value of applied pressure), is greater for higher values of T.  This implies that stronger
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cohesive forces introduce cooperative effects resulting in more mass being removed i.e. for
a thicker cake more layer mass is removed at higher applied pressures.  For lower values of
applied pressure (less than 0.254) the trend reverses.  The fraction of mass removed (at a
given value of applied pressure) is reduced for higher values of T.  This behavior suggests
that for smaller applied pressures it is more difficult to remove blocks which are connected
to neighboring blocks by strong cohesive forces.
3.5 Conclusion
The simulations show that the cooperative effects introduced by the cohesive forces play an
important role in filter cake removal in that they significantly lower the pressure that has to
be applied to remove the layer, and also cause more mass to be removed for thicker (more
cohesive) cakes.  For each cleaning cycle the partial removal of the filter cake at each time
step, increases the permeability of the filter, requiring a reduced pressure drop to maintain
constant flow.  This is ensured by using a time dependent pressure pulse P(t) in the
simulations.  An understanding of these effects allows for filter cake removal to occur at
lower applied pressures, making the operation more economical.
In the next chapter, we study the effect of adhesion as the cleaning proceeds from one cycle
to the next.
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Chapter Four
Cleaning Cycle Analysis I
4.1 Introduction
The fine-scale model is used to simulate cleaning of a cylindrical filter through 10
consecutive cycles.  Each cleaning cycle results in some (but not all) of the filter cake being
removed.  Before starting the next cleaning cycle, the layer is regenerated to the same
height in those areas where the filter cake has been removed, but left unchanged in those
areas where the filter cake has not been removed, in the previous cycle.  The latter regions
contain some broken adhesive bonds which correspond to blocks that have been lifted but
not removed in the previous cycle.  Thus at the start of a new cycle, the damaged adhesive
bonds have not been repaired, making these blocks weaker and more likely to be removed
in the next cycle.  This chapter analyzes the trends in filter cake removal as the cleaning
proceeds from one cycle to the next and examines the role of the broken adhesive bonds in
the cleaning process.
4.2 Blocks which are removed in two consecutive cycles
A computer program is written to count the total number of blocks removed in each cycle
and to calculate the fraction of those blocks removed in cycle n, which are also removed in
cycle n+1.  This fraction is plotted against the cycle number n in Figures 4.1-4.9, for the
three thickness parameters under consideration and for a variety of applied pressures.
Figures 4.1a-4.9a plot the total number of blocks removed in a given cycle n, while
Figures 4.1b-4.9b plot the fraction of those blocks removed in cycle n, which are also
removed in cycle n+1.  To facilitate observation of trends, the results of Figures 4.1b-4.9b
are summarized in Figure 4.10, which shows the fraction of blocks removed in two
successive cycles (averaged over the last few cycles).
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Figure 4.1a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.1b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=0.5 and P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.2a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=0.5 and maximum of pressure P Pmax = 1
2
- 0.02 for each cycle.
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Figure 4.2b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=0.5 and P Pmax = 1
2
- 0.02 for each cycle.
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Figure 4.3a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
- 0.04 for each cycle.
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Figure 4.3b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n +1 Vs. cycle number n. for T=0.5 and P Pmax = 1
2
- 0.04 for each cycle.
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Figure 4.4a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.4b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=1.0 and P Pmax = 1
2
+ 0.02 for each cycle.
26
0
2000
4000
6000
8000
1 104
0 2 4 6 8 1 0
Cycle number n
N
um
be
r 
of
 b
lo
ck
s 
re
m
ov
ed
Figure 4.5a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.01 for each cycle.
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Figure 4.5b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=1.0 and P Pmax = 1
2
+ 0.01 for each cycle.
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Figure 4.6a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
- 0.01 for each cycle.
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Figure 4.6b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=1.0 and P Pmax = 1
2
- 0.01 for each cycle.
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Figure 4.7a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.03 for each cycle.
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Figure 4.7b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=1.5 and P Pmax = 1
2
+ 0.03 for each cycle.
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Figure 4.8a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.8b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=1.5 and P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.9a: Plot of the total number of blocks removed in cycle n Vs. the cycle number n,
for thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.0 for each cycle.
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Figure 4.9b: Plot of Fraction of those blocks removed in cycle n, which are also removed
in cycle n+1 Vs. cycle number n, for T=1.5 and P Pmax = 1
2
+ 0.0 for each cycle.
31
0
0.2
0.4
0.6
0.8
1
-0 .04 -0 .03 -0 .02 -0 .01 0 0.01 0.02 0.03 0.04
T=1.5
T=1.0
T=0.5
d P
Fr
ac
tio
n 
of
 b
lo
ck
s 
re
m
ov
ed
Figure 4.10: A plot summarizing Figures 4.1b-4.9b, showing trends in the fraction of
blocks that are removed in two successive cycles, as an average over the last few cycles
Vs. differential pressure dP, for the three thickness parameters T.
4.3 Discussion of trends in Figure 4.10
The results in the Figures 4.1b-4.9b are summarized in Figure 4.10.  The figure show the
fraction of blocks removed in two successive cycles  and averaged over the last few cycles
plotted against the differential pressure dP.  The plot shows that as the thickness parameter
increases, the fraction of those blocks removed in the cycle n which is also removed in
cycle n+1 decreases.  Also for each thickness parameters there is little variation with
differential pressure in the fraction of blocks that are removed in 2 successive cycles.
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4.4 Blocks which are lifted in one cycle and removed in the next.
The computer program also calculates the total number of blocks that are lifted (but not
removed) in each cycle.  It plots this number against the cycle number n, in Figures 4.11a-
4.19a.  In addition the program calculates the number of blocks which are lifted in cycle n
and subsequently removed in cycle n+1, as a fraction of the total number of blocks
removed in cycle n+1, and plots this against cycle number n in Figures 4.11b-4.19b. To
facilitate observing the trends in Figures 4.11b-4.19b, their results are summarized in
Figure 4.20 which plots the fraction of blocks lifted in one cycle and removed in the next
(averaged over the last few cycles).
The Figures 4.11-4.20 are as shown on the following pages.
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Figure 4.11a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.11b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.12a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
- 0.02 for each cycle.
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Figure 4.12b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
- 0.02 for each cycle.
35
0
5 0 0
1000
1500
2000
2500
0 2 4 6 8 1 0
Cleaning cycle n
N
um
be
r 
of
 b
lo
ck
s 
lif
te
d
Figure 4.13a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
- 0.04 for each cycle.
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Figure 4.13b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=0.5 and maximum pressure P Pmax = 1
2
- 0.04 for each cycle.
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Figure 4.14a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.14b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
37
0
5 0 0
1000
1500
2000
2500
3000
0 2 4 6 8 1 0
Cleaning Cycle n
N
um
be
r 
of
 b
lo
ck
s 
lif
te
d
Figure 4.15a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.01 for each cycle.
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Figure 4.15b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.01 for each cycle.
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Figure 4.16a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
- 0.01 for each cycle.
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Figure 4.16b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
- 0.01 for each cycle.
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Figure 4.17a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.03 for each cycle.
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Figure 4.17b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.03 for each cycle.
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Figure 4.18a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.18b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.02 for each cycle.
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Figure 4.19a: Plot of total number of blocks lifted in cycle n Vs. the cycle number n, for
thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.0 for each cycle.
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Figure 4.19b: Plot of the number of blocks lifted in cycle n and removed in cycle n+1, (as a
fraction of the total number of blocks removed in cycle n+1) Vs. the cycle number n, for
thickness parameter T=1.5 and maximum pressure P Pmax = 1
2
+ 0.0 for each cycle.
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Figure 4.20: A summarized plot of Figures 4.11b-4.19b, showing trends in the fraction of
blocks that are lifted in one cycle and removed in the next cycle, (average over the last few
cycles) Vs. differential pressure dP, for the three thickness parameters T.
4.5 Discussion of trends in Figure 4.20
The results in the Figures 4.11b-4.19b are summarized in Figure 4.20.  The figure shows
the trends in the fraction of blocks which are lifted in one cycle and removed in the next
(averaged over the last few cycles) against the differential pressure dP.  The plot shows that
for higher differential pressures (i.e. higher maximum applied pressures) as the thickness
parameter increases, the fraction of blocks which are lifted in cycle n and removed in cycle
n+1 increases.  This indicates that when cohesive forces are large in comparison with the
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adhesive forces, a block may be lifted in one cycle but removed only in the next cycle.
This is because, for this block even though its adhesive bond breaks in one cycle, the block
may still be attached to neighboring blocks (which are attached to the substrate) with strong
cohesive bonds.  Hence the block is only lifted in this cycle.  During the next cycle the
cohesive bonds connecting this block, weakened because they now have to sustain greater
stress, are more likely to break, so the block is removed in this cycle.
4.6 Conclusions from Figures 4.10 and 4.20
The summarized plots in Figures 4.10 and 4.20, indicate that at higher applied pressures as
the thickness parameter T is increased, out of the total number of blocks that are removed in
a given cycle n+1, there are fewer of those blocks which have been removed in the
previous cycle n, and more of those blocks which have been lifted in the previous cycle n.
Thus for filter cakes which have stronger cohesive forces as compared to adhesive (i.e.
larger T), a large fraction of the blocks that are removed in a given cycle, comprise of
blocks which have been lifted in the previous cycle.  This pattern of a large number of
blocks being removed in every other cycle, occurs for larger thickness parameters at higher
applied pressures.  This result is further confirmed by the analysis undertaken in Chapter
Five.
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Chapter Five
Cleaning Cycle Analysis II
5.1 Introduction
This chapter furthers the analysis undertaken in Chapter Four by analyzing the trends in the
filter cake removal, in context of the number of times (frequency) each block is removed in
the 10 cleaning cycles.  Each cleaning cycle results in some blocks being removed from the
layer.  Before starting the next cycle the filter cake layer is regenerated (to the same height)
in those areas where blocks have been removed, but left unchanged in those areas where
the blocks have not been removed, in the previous cycle.  The latter areas, shielded from
new deposition, contain blocks with broken adhesive bonds.  The damaged adhesive bonds
make these blocks weaker, and hence more likely to be removed in the next cycle.
5.2 Cleaning Patterns
The fine scale model grids the filter cake layer into rectangular blocks and assigns to each
block a position coordinate (i, j).  A computer program is written to count the number of
cycles in which a particular block is removed.  The position of each block on the layer is
plotted in Figures 5.1, 5.2 and 5.3, along with the number of cycles in which it has been
removed.  This is done by choosing a gray scale in which dark black regions represent
areas where blocks have been removed in all 10 cycles, and the lightest gray regions
represent areas in which blocks have been removed in only 1 cycle.  The white regions then
correspond to blocks which have not been cleaned in any cycle.  The patterns thus
generated were analyzed, for a variety of applied pressures for each of the three thickness
parameters.  The orientation of the patterns is such that periodic boundary conditions
connect the side edges, and the strongly adhesive bonds are just off the figure on the top
and the bottom.
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Figure 5.1a: Plot of the filter cake layer for thickness parameter T=0.5 and maximum
pressure P Pmax = 1
2
+ 0.02.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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Figure 5.1b: Plot of the filter cake layer for thickness parameter T=0.5 and maximum
pressure P Pmax = 1
2
- 0.02.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
47
I
Figure 5.1c: Plot of the filter cake layer for thickness parameter T=0.5 and maximum
pressure P Pmax = 1
2
- 0.04.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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Figure 5.2a: Plot of the filter cake layer for thickness parameter T=1.0 and maximum
pressure P Pmax = 1
2
+ 0.02.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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Figure 5.2b: Plot of the filter cake layer for thickness parameter T=1.0 and maximum
pressure P Pmax = 1
2
+ 0.01.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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Figure 5.2c: Plot of the filter cake layer for thickness parameter T=1.0 and maximum
pressure P Pmax = 1
2
- 0.01.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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Figure 5.3a: Plot of the filter cake layer for thickness parameter T=1.5 and maximum
pressure P Pmax = 1
2
+ 0.03.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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Figure 5.3b: Plot of the filter cake layer for thickness parameter T=1.5 and maximum
pressure P Pmax = 1
2
+ 0.02.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
53
Figure 5.3c: Plot of the filter cake layer for thickness parameter T=1.5 and maximum
pressure P Pmax = 1
2
+ 0.0.  The blackest regions represent blocks which are removed all 10
times while the lightest gray regions represent blocks which are removed in only 1 cycle.
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5.3 Discussion of Plots
The above patterns in Figures 5.1(a-c), 5.2(a-c) and 5.3(a-c) show shaded regions which
reflect the corresponding frequencies (number of times) with which the blocks in those
areas have been cleaned.  A comparison of the plots for a given thickness parameter
suggests that there is little variation in the size of the shaded regions (patches) with changes
in applied pressure.  However when the trends among the 3 thickness parameter plots are
compared it is observed that the size of the individual shaded regions increases with
increasing values of the thickness parameter T.  This is consistent with previously observed
increase of patch size with increasing thickness [3].  The role of increased cooperative
forces is clear.  The stronger cohesive forces try to maintain the integrity of the layer,
leading to larger sections of the layer being removed at a given pressure.
5.4 Average Plots
Figures 5.1-5.3 were graphed using data from the first realizations only.  Figures 5.4-5.5
now examine the average behavior of the 5 realizations.  For each realization the total
number of blocks that are removed with a particular frequency are noted.  This essentially
involves counting all the sites which are shaded a particular color in one of the Figures 5.1-
5.3.  The total number of sites removed are plotted against the frequency (number of times)
with which they were removed for all 5 realizations in Figures 5.1(a-c), 5.2(a-c) and 5.3(a-
c).  The averages of the 5 realizations are connected by a straight line, and the resulting
trend analyzed.
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Figure 5.4a: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=0.5 and maximum pressure P Pmax = 1
2
+ 0.02.
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Figure 5.4b: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=0.5 and maximum pressure P Pmax = 1
2
- 0.02.
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Figure 5.4c: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=0.5 and maximum pressure P Pmax = 1
2
- 0.04.
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Figure 5.5a: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=1.0 and maximum pressure P Pmax = 1
2
+ 0.02.
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Figure 5.5b: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=1.0 and maximum pressure P Pmax = 1
2
+ 0.01.
0
1000
2000
3000
4000
5000
6000
7000
8000
0 2 4 6 8 1 0
Frequency
N
um
be
r 
of
 B
lo
ck
s 
re
m
ov
ed
Figure 5.5c: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=1.0 and maximum pressure P Pmax = 1
2
- 0.01.
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Figure 5.6a: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=1.5 and maximum pressure P Pmax = 1
2
+ 0.03.
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Figure 5.6b: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=1.5 and maximum pressure P Pmax = 1
2
+ 0.02.
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Figure 5.6c: Plot of total number of blocks removed Vs. the frequency (number of cycles)
with which they were removed, for T=1.5 and maximum pressure P Pmax = 1
2
+ 0.0.
5.5 Analysis of the Average plots
The plots of Figures 5.4 (a-c), 5.5 (a-c) and 5.6 (a-c) show that for a given value of
thickness parameter T, the number of blocks that are removed in all 10 cycles increases
with increasing values of applied pressure (i.e. increasing values of dP).  This is as
expected since at larger values of applied pressure, more blocks are removed in each cycle.  
On comparing the trends among the 3 thickness parameters, a hump centered about
frequency =5, appears for higher thickness parameters (T=1.0, 1.5) at higher applied
pressures (dP=0.02, 0.03).  This suggests that for larger T’s at higher pressures some
blocks are being removed in 5 cycles out of 10.  This implies that these blocks are being
removed in every other cycle, i.e. they are lifted in one cycle and then removed in the next.
This effect is due to the presence of strong cohesive bonds.  For these blocks the adhesive
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bond breaks, but the block remains connected to one or more neighboring blocks by strong
cohesive bonds.  Thus this block is lifted in one cycle and removed in the next.
5.6 Cumulative Plots
The Figures 5.7 (a-c), 5.8 (a-c) and 5.9 (a-c) show the cumulative plots of the number of
blocks removed.  The plots use that same data as in Section (5.4), but involve only the
averages of all 5 realizations.  The graphs are cumulative since they plot the number of
blocks removed n or fewer times.  The percentage of area removed n or fewer times is
calculated by dividing the number of blocks removed n or fewer times, by the total number
of blocks in the system (16,000).  This area is then plotted against the frequency to obtain
the graphs in Figures 5.7, 5.8 and 5.9.  
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Figure 5.7a: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=0.5 and maximum pressure P Pmax = 1
2
+ 0.02.
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Figure 5.7b: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=0.5 and maximum pressure P Pmax = 1
2
 -0.02.
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Figure 5.7c: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=0.5 and maximum pressure P Pmax = 1
2
- 0.04.
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Figure 5.8a: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=1.0 and maximum pressure P Pmax = 1
2
+ 0.02.
0
2 0
4 0
6 0
8 0
1 0 0
0 2 4 6 8 1 0
Frequency
Pe
rc
en
ta
ge
 o
f 
Ar
ea
 r
em
ov
ed
Figure 5.8b: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=1.0 and maximum pressure P Pmax = 1
2
+ 0.01.
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Figure 5.8c: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=1.0 and maximum pressure P Pmax = 1
2
- 0.01.
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Figure 5.9a: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=1.5 and maximum pressure P Pmax = 1
2
+ 0.03.
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Figure 5.9b: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=1.5 and maximum pressure P Pmax = 1
2
+ 0.02.
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Figure 5.9c: Plot of the percentage of Cumulative area removed Vs. the frequency (number
of cycles) of removal, for T=1.5 and maximum pressure P Pmax = 1
2
+ 0.0.
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5.7 Discussion of the Cumulative Plots
The plots in Figures 5.7 (a-c), 5.8 (a-c) and 5.9 (a-c) can be considered as the integrals of
the corresponding graphs in Figures 5.4 (a-c), 5.5 (a-c) and 5.6 (a-c).  The humps (points
where the derivative changes sign) in Figures 5.5a, 5.5b, 5.6a and 5.6b thus correspond to
the points of inflection in Figures 5.8a, 5.8b, 5.9a and 5.9b respectively.  
A comparison of the trends for a particular thickness parameter T shows that as the applied
pressure increases, the percentage of layer area that is never removed decreases, while the
percentage of layer area that is removed all 10 times increases, which is as expected.  
For thickness parameter T=1.0 and maximum pressure P Pmax = 1
2
+ 0.02 the fraction of
layer mass removed is close to 60%.  The cumulative plot for this case has been compared
with the cumulative plot that was graphed using experimental results for 60% layer
removal.  The two plots have been found to be in close agreement with each other with a
maximum deviation of less that 10% near the midrange frequencies.  This difference in the
regeneration frequencies may be accounted for by variations in dust cake height, during the
regeneration of the filter cake between successive cycles, whose effect has not been
included in the present simulations of the fine-scale filter cake model.
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Chapter Six
Conclusions
6.1 Conclusions
This Chapter presents the results from the fine-scale modeling of the removal of a layer of
filter cake by a time dependent pressure pulse.  The use of a pressure pulse which
decreases with time as the filter cake is removed, simulates the actual removal process
closely.  This is because a partial removal of the filter cake at each time step, increases the
permeability of the filter requiring a reduced pressure drop to maintain constant flow.  The
simulations studied the cleaning through 10 consecutive cleaning cycles, for three filter
cakes, which differed from each other in the relative strengths of their cohesive and
adhesive forces.  The following is a summary of the results of the study.
Cohesive Effects: The results of the simulations show that cohesive forces play a very
important role in filter cake removal.  Strong cohesive forces introduce cascade effects
which significantly lower the pressure required to remove a given fraction of the filter cake
layer.  Cooperative effects introduced by these forces also cause a thicker (more cohesive)
cake to be removed more efficiently.
Adhesive Effects: In order to achieve significant cleaning a higher pressure pulse was
required.  This high pressure caused damage (broken adhesive bonds) in the uncleaned
regions.  The damage was not fully repaired in the next filtration cycle, affecting the
cleaning in the future cycles. Thus for strongly cohesive cakes, when the cleaning was
undertaken  over several (10) cycles, the adhesive forces caused a significant number of
blocks to be removed in every other cycle.
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The Fine-Scale filter cake modeling has furthered an understanding of the roles which
cohesive and adhesive forces play when the cleaning is conducted over several cycles.
This is crucial to the development of a more efficient cleaning process.
6.2 Future Considerations
In the present simulations the filter cake was regenerated to the ‘same height’ in those areas
where portions of it had been cleaned in the previous cycle.  In reality this is not completely
true.  At the end of each cleaning cycle, when some more gas is filtered through, the
previously cleaned areas fill up to a smaller height, while the uncleaned areas accumulate
dust and increase in height.  The filter surface now has places where the filter cake is not so
thick and places where the filter cake is thicker.  The effects of cohesive forces would
therefore vary from region to region depending on the thickness of the deposited cake.  A
more realistic model would therefore be one, that take into account regional variations in the
cohesive strength of the filter cake layer.
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